Here we demonstrate that natural variants of the yeast Saccharomyces cerevisiae are a model system for the systematic study of complex traits, specifically the response to small molecules. As a complement to artificial knockout collections of S. cerevisiae widely used to study individual gene function, we used 314-and 1932-member libraries of mutant strains generated by meiotic recombination to study the cumulative, quantitative effects of natural mutations on phenotypes induced by 23 small-molecule perturbagens (SMPs). This approach reveals synthetic lethality between SMPs, and genetic mapping studies confirm the involvement of multiple quantitative trait loci in the response to two SMPs that affect respiratory processes. The systematic combination of natural variants of yeast and small molecules that modulate evolutionarily conserved cellular processes can enable a better understanding of the general features of complex traits.
Introduction
The extensive use of artificial single-gene knockout collections of the budding yeast Saccharomyces cerevisiae [1] over the last decade has substantially increased our knowledge of conserved eukaryotic cellular processes. Although the use of gene-deletion collections simplifies the tedious process of matching a mutation to an observed phenotype, it only permits the study of the effects of deleting single genes or pairs of genes [2] , as opposed to combinations of loss-and gain-of-function alleles of multiple genes. Most genetic traits are complex (i.e., are encoded by allelic variants of at least two different genes whose individual contributions have graded effects, varying from small to large) [3] [4] [5] . In this study, we build on the base of gene-deletion collections by using natural genetic variation, as opposed to artificial mutations, in yeast as a means to study complex traits-specifically, the response of cells (e.g., resistance or sensitivity) to small molecules [6, 7] . The use of small molecules to reveal complex traits was first suggested by studies of metabolism in Neurospora over 60 years ago [8] . More recently, S. cerevisiae has been exploited as a means to study global mRNA levels as a complex trait, where cis-and trans-acting loci that heritably modulated the level of each transcript were identified [9, 10] . Another study has described quantitative enological traits (e.g., ethanol tolerance) in winemaking, industrial strains of yeast [11] , among others [12] . Now that the genome sequences of three variants of S. cerevisiae-a clinical isolate, an agricultural isolate, and a common laboratory strain-are in hand, it will be possible to identify tens of thousands of genetically encoded polymorphisms. However, whether these polymorphisms are functionally neutral or functionally active is unknown. Here we show that small molecules can be used systematically in yeast to link natural genetic variation to physiological phenotypes.
Results and Discussion
We identified 23 small-molecule perturbagens (SMPs) (see Table S1 in the Supplemental Data available online) that differentially inhibit the growth of one or more of three diploid yeast strains that were the focus of an unrelated study to dissect the architecture of a quantitative trait in yeast [13] : S1029, YAG040, and XHS123; a commonly used laboratory homozygous diploid, a clinical isolate homozygous diploid derived over 20 years ago from the lungs of an AIDS patient in San Francisco, and the heterozygous diploid formed by crossing the laboratory strain and the clinical isolate, respectively. The genome sequence of a strain isogenic to YAG040 was recently sequenced [14] , setting the stage for the systematic characterization of polymorphisms between it and the already-sequenced lab strain. XHS123 and YAG040 were constructed with artificial dominant drug resistance markers kanMX and hphMX, respectively, both of which serve as standards of Mendelian, singlegene traits.
The 23 SMPs are chemically diverse and differ in their reported mechanisms of action, with the exception of functional analogs, which will be further discussed below. They are evenly divided between natural products and synthetic products, and seven are Food and Drug Administration (FDA)-approved drugs. Many have been studied almost exclusively in the context of mammalian cells; for example, the central nervous systemactive compounds flunarizine and pimozide. These SMPs are shown here to inhibit potently the growth of yeast in a genotype-dependent and heritable manner.
We generated resistance/sensitivity profiles of two libraries (differing only in size) comprising 314 and 1932 random XHS123 meiotic segregants in order to characterize the complexity of resistance or sensitivity to each SMP at or near its IC 50 concentration ( Figure S1 ). Generally, growth inhibition by a small molecule segregates *Correspondence: stuart_schreiber@harvard.edu either in a Mendelian (i.e., monogenic) or a complex (i.e., polygenic) fashion. As expected, the aforementioned dominant drug resistance markers segregated as Mendelian traits ( Figures 1B and 1C) . We next determined whether growth inhibition by each SMP segregates in a Mendelian or a complex fashion. As compared to the control Mendelian trait, resistance to G418, which is conferred by the kanMX cassette, growth inhibition by all SMPs was found to be complex to varying degrees, with the exception being flunarizine (SMP9) ( Figure 2B ), a calcium ion (Ca 2+ ) channel blocker [15] , which appeared to be a Mendelian trait at 48 hr postinoculation.
Interestingly, however, at 72 hr, one-quarter of segregants remained sensitive, while three-quarters became resistant to flunarizine, suggesting a more complex genetic underpinning to resistance: two sensitizing alleles-one fast-acting (48 hr), the other slow-acting (72 hr) ( Figure 2B ). In addition to being complex, growth inhibition by the majority of SMPs also has a kinetic component. The response to rapamycin (SMP45) exemplifies the variegated temporal and quantitative nature of complex growth inhibition by a small molecule (Figure 2C) . We also observed both Mendelian and complex growth inhibition that was not induced by an SMP, but (A) Two haploid yeast strains-in this study, derivatives of S1029 and YAG040-are mated in order to generate an F1 heterozygous diploid, which was subsequently sporulated, yielding F1 segregants. Averaged, quantitative growth measurements of random segregants in multiple conditions were arranged into a matrix and computationally analyzed. (B) Segregation of two unlinked Mendelian traits illustrated by a heat map (red indicates saturating growth, or resistance; green indicates no growth, or sensitivity) of clustered OD 600 measurements of 314 XHS123 segregants grown in complete synthetic media lacking uracil (CSM-URA); rich media containing 200 mg/ml G418; rich media containing 50 mg/ml flunarizine (SMP9). Half of XHS123 segregants were resistant to G418, conferred by the kanMX cassette, but unable to grow without supplemental uracil, or vice versa. One-quarter of segregants were resistant to both G418 and flunarizine; one-quarter were resistant to G418 but sensitive to flunarizine; one-quarter were sensitive to G418 but resistant to flunarizine; one-quarter were sensitive to both G418 and flunarizine. (C) Segregation of a single Mendelian trait illustrated by a heatmap of clustered OD 600 measurements of 358 YAG040 segregants grown in rich media containing 300 mg/ml of the antibiotic hygromycin B. Half of YAG040 segregants were resistant to hygromycin B, conferred by hphMX cassette (i.e., were haploid); half were sensitive; that is, they inherited the wild-type copy of the HO gene, which enables self-diploidization (i.e., were diploid). rather by constituents of so-called stress media: rich media containing 0.9 M sodium chloride (NaCl); synthetic wine must (SWM), which combines osmotic and pH shock; and growth on media containing maltose as the sole carbon source ( Figures S2A-S2C ). Any nongenetic variables (e.g., experimental noise or epigenetic effects) play a minor role in our method, as revealed by strong agreement between experimental replicates. Disagreement between replicates is greatest at mid-log phase OD 600 values, as expected, as they would be most sensitive to experimental variation (e.g., inoculum size), while low and high OD 600 values, corresponding to hypersensitivity and resistance, are highly reproducible ( Figure S3 ).
We estimated the complexity of growth inhibition by each SMP: the approximate number of genetic determinants that underlie resistance (or sensitivity). The ranked-order distributions of 375 MATa XHS123 segregants in the presence of G418, H 2 O 2 , tunicamycin (SMP13), and doxorubicin (SMP7) illustrate a series of four complex traits underlain by increasing numbers of genetic determinants ( Figure 2A ). The 375 MATa XHS123 segregants comprise a portion of the 1932 member library, and were chosen to eliminate any possible confounding effects of ploidy. If we assume that the fraction of the resistant segregants approximates 1 ⁄ 2 n , where n equals the number of underlying genetic determinants at a given kinetic snapshot and concentration, then a single gene underlies resistance to G418, two underlie resistance to H 2 O 2 , three underlie resistance to tunicamycin, and four underlie resistance to doxorubicin. The number of genetic determinants that underlie resistance fell within this range (1-4) for all 23 SMPs ( Figure S4 ), although the quantitative nature of these traits makes it difficult to predict the exact number of determinants. Although ''off-target'' effects could confound the true breadth of this range, many of the SMPs are natural products (e.g., rapamycin) that display known fine specificity for their molecular targets. Indeed, our results are consistent with previous studies, which found that multiple heterozygous whole-gene deletion strains are haploinsufficient in response to perturbation by a small molecule [16] .
After establishing that sensitivity or resistance to a small molecule can be a complex trait, we addressed whether the same genetic determinants were responsible for resistance to all SMPs (i.e., a nonspecific multidrug efflux effect), or whether a unique set of genes selectively confers resistance to each SMP (i.e., random segregation and independent assortment of distinct genetic determinants that underlie resistance or sensitivity to each SMP). Several key observations affirm the latter. First, we observed unlinked segregation of resistance to flunarizine and to G418 ( Figure 1C ) in the 314-member library of segregants, as well as in tetrad dissections. Second, as shown in Figure 3A , red (resistant) and green (sensitive) slashes, which correspond to the growth of individual segregants in various SMPs, are generally randomly distributed in the clustergram that was generated by two-dimensional hierarchical agglomerative clustering (2D-HAC), a method of dimensionality reduction. The segregation of the URA3:: kanMX4 control Mendelian locus largely defines the overall structure of the clustergram.
In order to illustrate random segregation and independent assortment more clearly, we compared the resistance/sensitivity profiles of the parental and hybrids and several similar segregants. The parental and hybrid responses to nearly all of the 23 SMPs differed, as shown in Figure 3B and in Figure S1 . Remarkably, however, there were instances where recombination preserved the parental and hybrid resistances and/or sensitivities, except at one or a few positions ( Figure 3B ). For example, one of the two segregants whose resistance/ sensitivity profile is similar to that of YAG040, C01, inherited resistance to tunicamycin, an inhibitor of protein glycosylation [17] , while the other, D11, did not (Figure 3B ). This result is true for the majority of SMPs, (B) Small-molecule complex trait profiles of S1029 (''S''), XHS123 (''X''), YAG040 (''Y''), and two XHS123 segregants, D11 and C01, possess sensitivity profiles that are highly similar to that of YAG040. From left to right, identity of SMPs are: SMP17, SMP7, SMP48, SMP21, SMP49, SMP16, SMP45, SMP13, SMP10, SMP11, SMP30, SMP36, SMP3, SMP22, CSM-URA, G418, SMP2, SMP9, SMP50, SMP5, SMP33, SMP38, and SMP51. (C) Venn diagram depicting phenotypic linkage and antilinkage. The large number in the red circle indicates how many segregants are resistant to 50 mg/ml flunarizine (SMP9), in the blue circle indicates how many segregants are resistant to 25 mg/ml FCCP (SMP21), and in the green circle indicates how many segregants are resistant to 25 mg/ml calcimycin (SMP2). The small numbers in the overlapping region correspond to the observed number of coresistant segregants, while the numbers in parentheses correspond to the expected number of coresistant segregants. The significance of overlaps (p value, hypergeometric distribution) between SMP9 resistance and SMP21 resistance (red and blue), SMP9 resistance and SMP2 resistance (red and green), and SMP21 resistance and SMP2 resistance (blue and green) are indicated with arrows.
suggesting that a unique set of genetic determinants selectively confers resistance to each SMP.
Next, we examined the SMPs for which the underlying genetic determinants of resistance or sensitivity appeared to be the same. We used principal component analysis (PCA), another method of dimensionality reduction, in order to render a three-dimensional (3D) ''chemical space'' of SMPs ( Figure 4A ). We observe clusters of SMPs that have been described previously as targeting the same proteins or pathways in cells (''functional analogs''); for comparison, G418 and CSM-URA, which are completely orthogonal to each other, reside in opposite corners of chemical space.
One cluster consists of flunarizine, amiodarone [18] (SMP17), calcimycin [19] (SMP2), curcumin [20] (SMP5), and penitrem A [21] (SMP50), all structurally dissimilar modulators of calcium ion homeostasis (Figure 4B) . A second cluster consists of two known and two putative modulators of respiratory metabolism, respectively: menadione [22] (SMP30) and carbonyl cyanide 4-trifluoromethoxy-phenylhydrazone [23] (FCCP) (SMP21); and LY83583 [24] (SMP11) and 1,9-pyrazoloanthrone [25] (SMP10). A third cluster contains two structurally different antagonists of a master regulator of Ca 2+ -mediated signaling, calmodulin CMD1: chlorpromazine [26] and E6-berbamine [27] . Overall, our results suggest that this method also enables insights into mechanisms of small molecules, since small molecules with unknown mechanisms of action can be grouped together with those having known mechanisms.
We determined the degree of linkage between functional analogs on the basis of a probability test (p value, hypergeometric distribution) between pairs of traits. We observed significant (phenotypic) linkage between SMPs in each of the three aforementioned clusters of functional analogs. On the other hand, two blocs of resistance stand out as antilinked: dominant resistance to three compounds-FCCP (SMP21), LY83583 (SMP11), and 1,9-pyrazoloanthrone (SMP10)-that affect respiratory metabolism that may be encoded by YAG040-derived determinants; and recessive resistance to two compounds-calcimycin (SMP2) and flunarizine (SMP9)-that affect Ca 2+ homeostasis that may be encoded by S288c-derived loci ( Figure 3B ). Antilinkage may occur when the same genetic determinant confers the opposite effect on two different SMPs. We are unaware of anything about Ca 2+ homeostasis in the YAG040 background that can explain its sensitivity, and vice versa, for S1029. However, S1029, as an S288c-derived strain, harbors a mutation in the gene HAP1, which results in constitutively low levels of cytochrome c [28] , while YAG040 encodes the wild-type copy of HAP1. The sensitivity of S1029 to modulators of respiratory metabolism is consistent with it having a fragile respiratory apparatus.
A total of 34 segregants are resistant to FCCP (SMP21), 144 are resistant to flunarizine (SMP9), but only 4 (1%) are coresistant to both (p = 3.5 3 10 24 ; hypergeometric distribution) when 16 (5%) are expected by chance ( Figure 3C ). Moreover, dually resistant segregants treated simultaneously with both FCCP and flunarizine failed to grow even though they grew in the presence of each SMP alone, indicating that simultaneous small-molecule perturbation of Ca 2+ homeostasis and respiratory processes results in synthetic lethality ( Figure S5 ). Synthetic lethality between two SMPs may be the result of phenotypic antilinkage if a genetic determinant that confers resistance to flunarizine sensitizes yeast cells to FCCP, and vice versa. This codependence of Ca 2+ homeostasis and respiratory processes is validated by extensive literature that documents the dependence of mitochondrial function on calcium [29] , although no links have been drawn between these two functional processes by natural genetic variation in yeast.
We confirmed that the response to small molecules is indeed complex and kinetic, as well as the generality of our approach, by mapping the chromosomal regions that contain the genetic determinants underlying resistance to two SMPs in a cross between the S288c laboratory strain and a different natural isolate, RM11. Specifically, we tested for linkage over several time points between resistance to two functional analogs that affect respiratory processes, LY83583 (SMP11) and FCCP (SMP21), and genetic markers in 104 previously genotyped segregants derived from a cross between BY4716 (isogenic to S288c) and RM11-1a, an agricultural isolate [30, 31] .
Linkage was tested at three time points in the case of SMP21-early, intermediate, and late-and two time points in the case of SMP11-early and intermediate. We report the results in terms of logarithm of odds (LOD) scores. We assessed significance via 100 permutations for each compound and time point, and considered LOD scores higher than any seen in the 100 permutations for that compound and time point as highly significant (genome-wide empirical p = 0.01), and those LOD scores exceeded in 5 or fewer of the 100 permutations as significant (genome-wide empirical p = 0.05). LOD scores above 3 but not significant by these criteria were considered suggestive of linkage.
At the early time point, we observed a highly significant linkage of SMP21 resistance to a quantitative trait locus (QTL) spanning less than 1 kb on the left arm of chromosome 13 (LOD score = 4.7) and a weaker, suggestive linkage to a QTL spanning around 30 kb on the left arm of chromosome 15 (LOD score = 3.0). The weak QTL on chromosome 15 links more strongly at later time points, with highly significant LOD scores of 6.8 and 8.1 at the intermediate and late time points, respectively. At the intermediate time point, we observed another suggestive linkage (LOD score = 3.6) to a QTL spanning approximately 50 kb on the left arm of chromosome 14, and this linkage became highly significant at the late time point (LOD score = 6.9). At the late time point, we observed another suggestive linkage to a QTL spanning 25 kb on the right arm of chromosome 6 ( Figures 5A-5C ). In total, we observed three highly significant and one suggestive QTL linked to the response to SMP21. The QTL on the left arm of chromosome 15 that links to SMP21 also links to resistance to SMP11 as a 10 kb interval, with highly significant LOD scores of 5.7 and 8.3 at the early and intermediate time points, respectively ( Figures 5D and 5E ), thus providing direct genetic evidence that SMP11 and SMP21 are functional analogs, and further increasing our confidence in the linkages. Interestingly, none of the QTLs contains genes known to be involved in the response to xenobiotics. Furthermore, as our linkage analysis removes QTLs that link to growth in the DMSO control condition, we rule out the role of intrinsic differences in growth rates among the 104 segregants as a contributing factor in the response to either compound.
Significance
This work illustrates a general, scalable, low-cost, chemical-genetic method for revealing complex traits in budding yeast. Cumulatively, the SMPs we used perturb a wide swath of cellular processes, but, individually, the genes with which they interact are distinct, except in the case of functional analogs whose common reported mechanisms of action we validated. The extensive characterization of natural genetic variation with small molecules complements the use of de novo or artificial mutations in a fixed genetic background, since most naturally occurring mutations are not neat excisions of open reading frames. The systematic combination of natural variants of yeast and small molecules that modulate evolutionarily conserved cellular processes may have several applications: (1) as a small-molecule classifier-used to identify mechanisms of action of small molecules; (2) the classification and characterization of genetic traits (Mendelian versus complex); and (3) the systematic mapping of complex traits in a single organism (''phenomics'') [32] .
Experimental Procedures
Yeast Strains Parental diploid strains S1029, an S288c derivative (MATa/MATalpha gal2/gal2 hoD::natMX4/hoD::natMX4), and YAG040 (HO/hoD:: hphMX4 MATa/MATalpha), along with F1 hybrid strain XHS123 (URA3/ura3D::kanMX4), were generous gifts from John H. McCusker, Duke University, Durham, NC. A total of 104 genotyped segregants from the BY4716/RM11-1a cross were previously described [30] . The kanMX resistance cassette encodes a phosphotransferase that confers resistance to the aminoglycoside G418 (geneticin) while replacing the S288c-derived copy of URA3, a gene involved in uracil biosynthesis; the hphMX resistance cassette encodes a phosphotransferase that confers resistance to the aminoglycoside hygromycin B while replacing one copy of the HO gene, the endonuclease responsible for mating-type switching. XHS123 is HO/ho, which means that we expect approximately 50% of segregants to be haploid (ho) and 50% to be diploid (HO) as a result of selfdiploidization. We find no significant effect of ploidy on growth, except a subtle growth advantage to homozygous diploid recombinants that is undetectable by the 48 hr time point. For added stringency, we considered 375 MATa haploid segregants in our estimation of polygenic degree on the basis of sensitivity to the mating pheromone a factor.
Natural Recombinant Yeast Library Generation
Culturing and sporulation of yeast as well as media formulation was done as previously described [33] . XHS123 segregants were derived as random spores (not by tetrad dissection). They were manually arrayed from dabs of single colonies grown on agar plates into individual wells of 384-well plates containing rich media to make strain stock plates. NUNC 384-well, clear-bottom, untreated, sterile plates (VWR, no. 62409-604) containing rich media and either vehicle solvent (dimethyl sulfoxide [DMSO]) or a given SMP were inoculated with yeast from strain stock plates using sterile polypropylene 384-pin replicators (Genetix, no. X5050). Inoculated plates were grown without agitation on the benchtop at ambient temperature conditions for 48-72 hr, and then vortexed on a standard tabletop vortexer (VWR) for 10-30 s prior to measurement in a SpectraMax plate reader (Molecular Devices) set to 600 nm emission. The growth of each XHS123 segregant in rich media containing a given SMP was compared to its growth in media containing DMSO. We used the reciprocal segregation of the kanMX and URA3 markers as a positive indicator of recombination, and discarded products of sporulation that were neither G418
. We arrived at 314 segregants in the smaller library because at least 314 of 380 (83%) products of sporulation passed the recombination test. We arrived at 1932 segregants (375 of which are MATa, as assessed by sensitivity to the mating pheromone a factor) in the larger library because at least 1932 of 2944 (66%) products of sporulation passed the recombination test. The discarded products of sporulation are either extremely slow-growing segregants or contaminating diploids (G418 RES /URA + ). Cut-offs of resistance and sensitivity were visually assessed with the rank-ordered distributions of the segregants grown in the presence of each SMP.
SMPs
SMPs were individually purchased as powder stocks from various vendors in either 10 mg or smaller quantities, and then resuspended in DMSO in glass vials as stock solutions: calcimycin (Biomol, no. CA-100); E6-berbamine (Biomol, no. CA-302); curcumin (Biomol, no. EI-135); doxorubicin (Biomol, no. GR-319); flunarizine (Biomol, no. CA-225); 1,9-pyrazoloanthrone (EMD Biosciences, no. 420119); LY83583 (Biomol, no. CN-200); tunicamycin (Biomol, no. CC-104), anisomycin (Biomol, no. ST-102); amiodarone (Biomol, AC-105); FCCP (Sigma-Aldrich, no. C2920); chlorpromazine (EMD Biosciences, no. 215921); menadione (Sigma-Aldrich, no. M5625); pimozide (Tocris, no. 0937); diphenyleneiodonium (Sigma-Aldrich, no. D2926); spermine NONOate (EMD Biosciences, no. 567703); rapamycin (EMD Biosciences, no. 553210); manumycin (Biomol, no. G-236); mastoparan (EMD Biosciences, no. 444898); penitrem A (Biomol, no. KC-157); wortmannin (EMD Biosciences, no. 681675). See the NCI-sponsored public database ChemBank (http:// chembank.med.harvard.edu) for complete structural annotations and mechanisms of action.
Computational Dimensionality Reduction
Duplicate measurements were averaged and arranged in a matrix, S, as shown in Figure 1A , consisting of an ordered array of rows and columns. Each row (x i , where i = 1 to m) corresponds to growth of a particular segregant across the set of SMPs; each column (y j , where j = 1 to n) corresponds to a particular SMP. Accordingly, an element (x m , y n ) of S encodes information about segregant m for phenotypic descriptor n. 2D-HAC and p values based on the hypergeometric distribution were computed using XLSTAT-Pro7.1 (Addingsoft) in Microsoft Excel; PCA and data visualization was performed by Spotfire DecisionSite v.7.0 (Spotfire, Inc.).
Linkage Analysis
All linkage analysis was performed using the R/Qtl software package [34] , and significance was assessed via permutations. The analysis was done using a set of 104 segregants and 2972 markers. Phenotypes and genotypes were arranged into the proper csv file format for direct input into R/Qtl. Phenotypes (responses to small molecules) were scanned under the default (normal) single QTL model using the standard EM algorithm. All control (DMSO-treated) phenotypes were used as additive covariates in order to eliminate their effect on linkage.
Supplemental Data
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